Research in contextEvidence before this studyThe overactivation of the leukotriene A4 hydrolase (LTA4H) pathway plays an important role in many cancers, including colorectal cancer (CRC). Therefore, LTA4H is considered to be a target for cancer chemoprevention and chemotherapy.Added value of this studyIn this study, we showed that the classical LTA4H inhibitor, bestatin, significantly inhibited LTB4 production. LTB4 is catalytic product of LTA4H and might serve as a blood biomarker for bestatin efficacy in CRC patients. Bestatin also significantly down-regulated the LTA4H signaling pathway and reduced proliferation and expression of Ki-67. Furthermore, bestatin effectively decreased the concentration of LTB4 and inhibited colorectal tumorigenesis in the Apc^Min/+^ mouse model and in a CRC patient-derived xenograft (PDX) SCID mouse model. These animal studies confirmed data obtained from clinical patient samples and support further studies for LTA4H inhibition in CRC.Implications of all the available evidenceOur studies suggest that LTB4 can serve as a blood biomarker for bestatin efficacy in CRC patients. In addition, our findings suggest that LTA4H is a promising molecular target in CRC.Alt-text: Unlabelled Box

1. Introduction {#s0020}
===============

Colorectal cancer (CRC) is the second most commonly diagnosed cancer among both men and women in the United States \[[@bb0005]\]. Genetic factors as well as environmental factors that drive colorectal tumorigenesis have attracted extensive interest \[[@bb0010],[@bb0015]\]. Although therapies have improved significantly, CRC still has high mortality rates. The number of deaths in 2017 is estimated to be about 50,260 people in the U.S. \[[@bb0020]\]. Therefore, CRC is a well-known multifactorial disease and presents an urgent problem that needs to be addressed.

Eicosanoids, including prostaglandins and leukotrienes (LTs), are biologically active lipids that are implicated in various pathological processes, such as inflammation and cancer \[[@bb0025],[@bb0030]\]. In the eicosanoid metabolic processes, leukotriene A4 hydrolase (LTA4H) is an epoxide hydrolase that catalyzes conversion of the unstable allelic epoxide leukotriene A4 (LTA4) to leukotriene B4 (LTB4), which is known to have classical biological functions including chemotaxis, endothelial adherence, and activation of leukocytes \[[@bb0035], [@bb0040], [@bb0045]\]. It exerts its actions through a transmembrane protein receptor, LTB4 receptor type 1 (BLT1) \[[@bb0050]\]. Previous studies showed that LTB4 is overproduced in various types of human cancer and stimulates cancer cell proliferation \[[@bb0055], [@bb0060], [@bb0065]\]. Therefore, the LTA4H/LTB4 pathway might play an important role in the process of carcinogenesis. LTA4H is highly expressed in some human cancers, including esophageal adenocarcinoma, lung cancer, and thyroid cancer \[[@bb0070]\]. Our previous study showed that the LTA4H protein is highly expressed in skin cancer, and its inhibition leads to suppression of cancer development \[[@bb0075]\]. Thus, LTA4H might be a potential target for suppressing cancer progression. However, the relationship and mechanism of LTA4H and CRC has not been well studied.

Bestatin (ubenimex) is a dipeptide immunomodulator that was discovered in the culture supernatant fraction from *Streptomyces olivoreticuli* \[[@bb0080],[@bb0085]\]. It is a well-characterized inhibitor of LTA4H \[[@bb0090],[@bb0095]\] and was shown to attenuate LTB4 synthesis and reduce the burden of esophageal adenocarcinoma in a rat model \[[@bb0100]\]. In cell-based studies, bestatin inhibited the invasion of human metastatic tumor cells and induced apoptosis in human non-small-cell lung cancer cell lines \[[@bb0105]\]. In clinical studies, bestatin prolonged the survival of patients with acute adult nonlymphocytic leukemia, who also received chemotherapy \[[@bb0110]\]. It also has an immunomodulatory effect in patients with lymphoma after autologous bone marrow transplantation \[[@bb0115]\].

We found that LTA4H and BLT1 are highly expressed in colitis and correlate with colon adenocarcinoma. High expression of LTA4H and BLT1 also negatively correlated with CRC patient survival probability. In this study, bestatin effectively reduced LTB4 expression level and the expression of LTA4H downstream proteins in patient samples. It also significantly inhibited tumor cell proliferation by suppressing Ki-67 protein expression in CRC patients. Knockdown of LTA4H or treatment with bestatin significantly attenuated proliferation and colony formation of CRC cells. Our *in vivo* study results showed that bestatin could inhibit colorectal tumorigenesis in both an Apc^Min/+^ mouse model and a patient-derived xenograft (PDX) mouse model. Overall, these results indicate that bestatin targets the LTA4H pathway to efficiently prevent progression of advanced CRC and that LTB4 might be used as a biomarker for evaluating treatment efficacy of bestatin.

2. Patients and methods {#s0025}
=======================

2.1. Patient samples and study design {#s0030}
-------------------------------------

The screening criteria for eligible subjects included age ≥ 18 years, stage I-III diagnostic CRC patients who received bestatin (30 mg/d, *p.o.*) around 7 days before surgical resection or were untreated. Patients provided pairwise blood samples and tumor specimens of sufficient quality for subsequent analysis. Exclusion criteria included subjects with tumor recurrence or metastasis and existence of other malignancies, uncontrolled hypertension, or serious cardiovascular disease, liver and renal dysfunction, spleen resection or other serious hematopoietic system diseases, uncontrollable infection, or severe peptic ulcer. The patients who received bestatin treatment before surgical resection were placed into a bestatin-treated group. The patients who did not receive treatment with bestatin before surgical resection were put into an untreated group. Pairwise blood samples from the bestatin-treated or untreated group were used to evaluated changes in LTB4 concentration and patient tissues were processed to clarify differences in the LTA4H pathway between the bestatin-treated group and untreated group. Tumor proliferation marker Ki-67 was evaluated. This study was conducted with the approval of the Affiliated Tumor Hospital of Zhengzhou University Research Ethics Committee (Zhengzhou, Henan, China; No. 2018084).

2.2. Reagents and antibodies {#s0035}
----------------------------

Media, gentamicin, penicillin, and [l]{.smallcaps}-glutamine were all purchased from Invitrogen (Grand Island, NY, USA) and bestatin was purchased from BOC Sciences (Shirley, NY, USA). Antibodies to detect LTA4H (160250, RRID: [AB_10079032](nif-antibody:AB_10079032){#ir0005}) and BLT1 (120114, RRID: [AB_327854](nif-antibody:AB_327854){#ir0010}) were obtained from Cayman Chemicals (Ann Arbor, MI, USA). Antibodies to detect β-actin (sc-47778, RRID: [AB_2714189](nif-antibody:AB_2714189){#ir0015}), GAPDH (sc-25778, RRID: [AB_10167668](nif-antibody:AB_10167668){#ir0020}), Ki-67 (sc-7846, RRID: [AB_2142374](nif-antibody:AB_2142374){#ir0025}) and c-Myc (sc-40, RRID: [AB_627268](nif-antibody:AB_627268){#ir0030}) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies to evaluate p-MEK (Ser217/221) (\#9121, RRID: [AB_331648](nif-antibody:AB_331648){#ir0035}), MEK (\#9122, RRID: [AB_823567](nif-antibody:AB_823567){#ir0040}), p-ERK1/2 (Thr202/Tyr204) (\#9101, RRID: [AB_331646](nif-antibody:AB_331646){#ir0045}), ERK1/2 (\#9102, RRID: [AB_330744](nif-antibody:AB_330744){#ir0050}), CD8 (\#98941, RRID: [AB_2756376](nif-antibody:AB_2756376){#ir0055}), and Ki-67 (\#9027, RRID: [AB_2636984](nif-antibody:AB_2636984){#ir0060}) were purchased from Cell Signaling Technology (Danvers, MA, USA).

2.3. Cell culture and transfection {#s0040}
----------------------------------

Human colonic epithelial cells (HCEC), a normal human colon cell line, was kindly provided by Dr. Jerry. W. Shay (University of Texas Southwestern Medical Center, Dallas, Texas). The cells were isolated from biopsy samples from patients and immortalized by the nononco-genic protein cyclin-dependent kinase 4 (Cdk4) and the catalytic component of human telomerase (hTERT) \[[@bb0120]\]. The colorectal adenocarcinoma cell lines (DLD-1, HCT-15, HT-29, HCT 116), and 293T cells were purchased from American Type Culture Collection (ATCC; Manassas, VA, USA). All cells were cytogenetically tested and authenticated before being frozen. Each vial of frozen cells was thawed and maintained in culture for a maximum of 8 weeks. Following ATCC protocols, all cells were cultured in a 5% CO~2~ humidified incubator at 37 °C. DLD-1 and HCT-15 cells were cultured with RPMI-1640 medium containing 10% fetal bovine serum (FBS) and 1% antibiotics. HT-29 and HCT 116 cells were cultured with McCoy\'s 5A medium containing 10% FBS and 1% antibiotics and 293T cells were cultured at 37 °C in a humidified incubator with 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium supplemented with 10% FBS and 1% antibiotics.

2.4. Lentiviral infection {#s0045}
-------------------------

The lentiviral expression vector (PLKO.1-shLTA4H) and packaging vectors (pMD2.0G and psPAX) were purchased from OpenBioSystems (Huntsville, AL, USA) and were transfected into 293 T cells using the iMFectin Poly DNA transfection reagent (GenDEPOT) following the manufacturer\'s instructions. The lentivirus plasmids shLTA4H (\#1, TRCN0000050863, CCGGCGGCCCTTATTCA AGGATCTTCTCGAGAAGATCCTTGAATAAGGGCCGTTTTTG; \#2, TRCN0000050864, CCGG GCCTCCCATAAAGCCCAATTACTCGAGTAATTGGGCTTTATGGGAGGCTTTTTG; \#3, TRCN0000050865, CCGGCCCTGCTACCTGATTGCTTTACTCGAGTAAAGCAATCAGGTAGC AGGGTTTTTG; \#4, TRCN0000050866, CCGGCCTTCTGTGAAATTAACCTATCTCGAGATAG GTTAATTTCACAGAAGGTTTTTG; \#5, TRCN0000050867, CCGGCGCAATTCCTTTGGCGCT AAACTCGAGTTTAGCGCCAAAGGAATTGCGTTTTTG) were purchased from BMGC RNAi (University of Minnesota, Minneapolis, MN, USA). When cells reached 70--80% confluence, iMFectin-DNA complexes were dropped into the medium of 293 T cells and incubated with cells for 12 h. Then medium was replaced with fresh complete medium containing serum and antibiotics. After collecting the viral supernatant fractions at 24 and 48 h, DLD-1 and HCT-15 cells were infected and screened with puromycin.

2.5. Crystal violet staining assay {#s0050}
----------------------------------

Cells (2 × 10^4^ per well) for measuring proliferation and cells (5 × 10^4^ per well) for testing compound cytotoxicity were seeded into 24-well plates. After overnight incubation, cells were treated with different concentrations of bestatin. Cells for measuring cytotoxicity were incubated for 24 or 48 h and cells for measuring proliferation were incubated for 24, 48, or 72 h. After washing 3 times with phosphate buffered saline (PBS), cells from each different time point were fixed with methanol for 10 min and stained with 0.2% (w/v) crystal violet in 2% (v/v) ethanol for 10 min. Then, 0.5% (w/v) sodium dodecyl sulfate in 50% (v/v) ethanol was added to each well. Absorbance was measured at an optical wavelength of 540 nm using the Thermo Multiskan plate-reader (Thermo Fisher Scientific, Waltham, MA, USA).

2.6. Anchorage-independent cell growth assay {#s0055}
--------------------------------------------

Cells (8 × 10^3^ per well) were suspended in 1 ml BME/10% FBS/0.33% agar with different concentrations of bestatin or vehicle and plated on 3 ml of solidified BME/10% FBS/0.5% agar with vehicle or the same concentrations of bestatin in each well of 6-well plates and cultured for 1 to 2 weeks. shMOCK- and shLTA4H-expressing cells (8 × 10^3^ per well) were suspended in 1 ml BME/10% FBS/0.33% agar and plated on 3 ml of solidified BME/10% FBS/0.5% agar and cultured for 1 to 2 weeks. The number of colonies was determined by microscope using the Image-Pro Plus software program (Media Cybernetics, Inc. Rockville, MD, USA).

2.7. Mouse model and drug administration {#s0060}
----------------------------------------

C57BL/6J-Apc^Min/+^ mice (Apc^Min+^ mice, RRID: IMSR_JAX:002020) were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Mice were bred and genotyped according to the Jackson Laboratory genotyping protocol (APC-mutant: 5′-TTCTGAGAAAGACAGAAGTTA-3′; APC-common: 5′-TTCCACTTTGGCATAAGGC-3′; APC-wild-type:5′ - GCCATCCCTTCACGT TAG-3′). Mice (5--6 weeks) were divided into 3 groups: 1) control group; 2) bestatin 5 mg/kg group; and 3) bestatin 15 mg/kg group. The bestatin-treated groups were gavaged with bestatin (5 or 15 mg/kg) daily for 8 weeks. Mice were weighed weekly and checked daily for any health problems. At the end of the study, mice were euthanized with CO~2~ and intestine, colorectal tissues, and blood samples were collected. All animal studies were performed and approved by the University of Minnesota Institutional Animal Care and Use Committee (IACUC).

2.8. Patient-derived xenograft (PDX) mouse model {#s0065}
------------------------------------------------

CRC tissue fragments were collected from the 1st Affiliated Hospital of Zhengzhou University (Zhengzhou, Henan, China) and cut into 2--3 mm fragments and implanted into female SCID mice (Vital River Laboratories Co, Ltd., Beijing, China) within 2 h. This study was approved by the Zhengzhou University Institutional Animal Care and Use Committee (Zhengzhou, Henan, China). Once tumor volumes reached approximately 150 mm^3^, mice were divided into the 3 groups and treated with vehicle (PBS) or bestatin daily. Mice from the control group were treated with PBS, mice from the low dose bestatin group were treated with 5 mg/kg bestatin and, mice from the high dose group of bestatin were treated with 15 mg/kg bestatin. Tumor volume and body weight were recorded every week.

2.9. Immunohistochemical staining {#s0070}
---------------------------------

Two human colon disease spectrum tissue microarrays (CO2081 and BC05002b) were obtained from US Biomax, Inc. (Rockville, MD, USA). Another two human colon adenocarcinoma tissue microarrays (HColA180Su14) were obtained from Shanghai Outdo Biotech Co, Ltd. (Shanghai, China). Human CRC tissues and adjacent normal tissues were collected from the Affiliated Tumor Hospital of Zhengzhou University. The colon tissue from Apc^Min/+^ mice and the colon tumor tissues from the PDX mouse model were embedded in paraffin for subsequent analysis. Slides were incubated with different primary antibodies (BLT1, 1:50; p-ERK1/2, 1:200; p-MEK, 1:50, c-Myc, 1:75; CD8, 1:100; Ki-67, 1:50) overnight at 4 °C. Then the slides were incubated with the secondary antibody from Vector Laboratories (Burlingame, CA, USA; anti-rabbit 1:150, anti-mouse 1:150) for 1 h at room temperature. Slides were stained using the Vectastain Elite ABC Kit (Vector Laboratories, Burlingame, CA, USA). The slides were counterstained with hematoxylin after developing with 3,3′-diaminobenzidine and were analyzed using the Image-Pro PLUS (v.6) computer software program (Media Cybernetics, Inc., USA).

2.10. Quantitative real-time PCR {#s0075}
--------------------------------

Total RNA from tissues was extracted using the Trizol Reagent (Invitrogen) and 100 ng of total RNA was used for analysis. The real-time primers for BLT1 were: F:5′ CCTGTGTCACTATGT CTGCGGA-3′; and R:5′ ATCGCCTTGGTGCGTAGCTTCT-3′. The real-time primers for c-Myc were: F:5′ CCTGGTGCTCCATGAGGAGAC-3′; and R:5′ CAGACTCTGACCTTTTGCCAGG-3′. The real-time primers for Ki-67 were: F:5′ GAAAGAGTGGCAACCTGCCTTC-3′; and R:5′ GCACCAAGTTTTACTACATCTGCC-3′.

2.11. LTB4 production assay {#s0080}
---------------------------

Whole blood was collected from patients and serum was separated and stored at −80 °C until analysis. Serum from mice was also collected and stored at −80 °C. shMOCK- and shLTA4H-expressing cells were seeded and medium was collected after 48 h and LTB4 concentration was measured using the LTB4 ELISA kit from Cayman Chemicals (Ann Arbor, MI, USA).

2.12. Western blot analysis {#s0085}
---------------------------

To determine protein concentration, a protein assay kit (Bio-Rad Laboratories, Hercules, CA) was used. After subjection to SDS-PAGE, the samples were transferred to polyvinylidene difluoride (PVDF) membranes (EMD Millipore Corporation). Then the membranes were blocked with 5% nonfat milk for 1 h at room temperature and incubated with specific primary antibodies overnight at 4 °C. Finally, the membranes were incubated with a horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room temperature. Protein bands were visualized with a chemiluminescence reagent (GE Healthcare Biosciences).

2.13. Statistical analysis {#s0090}
--------------------------

All quantitative data are expressed as mean values ± S.E. or S.D. as indicated. A one-way ANOVA was used for statistical analysis. Survival curves were tested by the log-rank test. *p* \< .05 was used as the criterion for statistical significance.

3. Results {#s0095}
==========

3.1. LTA4H and BLT1 are overexpressed in colon adenocarcinoma and colitis and are associated with CRC patient survival probability {#s0100}
----------------------------------------------------------------------------------------------------------------------------------

In the present study, we studied the molecular mechanism of LTA4H\'s action in CRC development. To determine whether LTA4H is associated with CRC progression, protein expression was determined using colon disease spectrum tissue arrays. Overexpression of LTA4H was observed in colon adenocarcinoma tissues compared with normal human colon tissues ([Fig. 1](#f0005){ref-type="fig"}a). LTB4, is the catalytic product of LTA4H and showed a higher concentration in CRC patients samples compared with normal adult subjects ([Fig. 1](#f0005){ref-type="fig"}b). LTA4H was also highly expressed in colitis tissue ([Fig. 1](#f0005){ref-type="fig"}c) (tissue microarray CO2081). We also analyzed the relationship between elevated LTA4H expression and CRC patient survival probability by using the KM plotter ([Fig. 1](#f0005){ref-type="fig"}d, tissue microarray HColA180Su14). The result indicated that the survival probability of CRC patients with high LTA4H expression is significantly lower than that of patients with low LTA4H expression. Several CRC cell lines also highly express LTA4H (Fig. s1). LTB4 is produced by LTA4H and can increase BLT1 mRNA and protein levels \[[@bb0125]\]. Consequently, BLT1, a high affinity receptor of LTB4, also showed higher expression in colon adenocarcinoma compared with normal human colon tissues ([Fig. 1](#f0005){ref-type="fig"}e) and is also highly expressed in colitis ([Fig. 1](#f0005){ref-type="fig"}f; tissue microarray BC05002b). Interestingly, high expression of BLT1 was also linked with lower survival probability ([Fig. 1](#f0005){ref-type="fig"}g, tissue microarray HColA180Su14). These results indicate that LTA4H might be a critical molecule in human colon carcinogenesis and associated with CRC patient survival probability.Fig. 1LTA4H and BLT1 are overexpressed in human colon adenocarcinoma tissues and colitis and are associated with CRC patient survival probability. (a) LTA4H levels in human colon tissue were analyzed by immunohistochemistry and the density score from each sample was determined (right panel). Representative cases are shown (left panels). The asterisk (\*, \*\*\*) indicates a significant (*p* \< .05, *p* \< .001, respectively) increase in LTA4H expression in colon adenocarcinoma tissue compared with normal tissue (scale bar, 100 μm). (b) LTB4 concentration in human serum was detected by ELISA assay. The asterisks (\*\*) indicate a significant (*p* \< .01) difference in CRC patients compared with normal adult subjects. (c) LTA4H levels in human colitis were analyzed by immunohistochemistry. The asterisks (\*\*\*) indicate a significant (*p* \< .001) increase in LTA4H expression in colitis tissue compared with normal tissue (scale bar, 100 μm). (d) Kaplan-Meier survival curves showed the life span of CRC patients with LTA4H high expression (n = 32) or LTA4H low expression (n = 31). (e) BLT1 levels in human colon tissue were analyzed by immunohistochemistry. The asterisks (\*\*, \*\*\*) indicate a significant (*p* \< .01, *p* \< .001, respectively) increase in BLT1 expression in colon adenocarcinoma tissue compared with normal tissue (scale bar, 100 μm). (f) BLT1 levels in human colitis were analyzed by immunohistochemistry. The asterisks (\*\*\*) indicate a significant (*p* \< .001) increase in BLT1 expression in colitis tissue compared with normal tissue (scale bar, 100 μm). (g) Kaplan-Meier survival curves relative to BLT1 expression were analyzed for CRC patients.Fig. 1

3.2. Patient and tumor characteristics {#s0105}
--------------------------------------

After screening, a total of 13 patients were available based on the inclusion criteria ([Table 1](#t0005){ref-type="table"}). In the untreated group (n = 6), the median age was 72.5 years (range, 42--90 years), 33.3% were male, and 33.3% were current smokers. No patients were stage I, 66.7% were stage II, and 33.3% were stage III. In the bestatin-treated group (n = 7), the median age was 60 years (range, 41--72 years), 71.4% were male, and 28.6% were current smokers. The percentage of patients in this group at stage I was 28.6%, stage II 57.1%, and stage III 14.3%.Table 1Demographics and baseline characteristics.Table 1CharacteristicUntreated (n = 6)Bestatin-treated (n = 7)Median age, years (range)72.5 (42--90)60 (41--72)Sex, No. (%) Male2 (33.3)5 (71.4) Female4 (66.7)2 (28.6)Smoking history, No. (%) Never smoker4 (66.7)5 (71.4) Current smoker2 (33.3)2 (28.6)Tumor stage at screening No. (%) I0 (0)2 (28.6) II4 (66.7)4 (57.1) III2 (33.3)1 (14.3) IV0 (0)0 (0)

3.3. Bestatin suppresses the LTB4 blood biomarker in CRC patients {#s0110}
-----------------------------------------------------------------

Peripheral blood samples from day 0 and day 7 from untreated and bestatin-treated patients were collected. Matched peripheral blood samples were used to evaluate LTB4 concentration as a potential biomarker for CRC by using an ELISA assay. At day 0, the LTB4 concentration in the bestatin-treated and untreated group showed no statistical difference. In a comparison of the LTB4 concentration in matched samples from days 0 and 7, we found that the LTB4 concentration in the bestatin-treated group (5 of 7 patients;71.4%) showed a decreased LTB4 concentration; whereas in the untreated group, only 2 of 6 patients (33.3%) showed decreased LTB4 ([Fig. 2](#f0010){ref-type="fig"}a). At the same time, the percentage change in LTB4 at day 7 compared with day 0 was analyzed and shown individually ([Fig. 2](#f0010){ref-type="fig"}b). The average change in LTB4 concentration decreased 26.76% in the bestatin-treated group, whereas LTB4 increased 23.74% in the untreated group. The change in LTB4 was significantly different between the bestatin-treated and untreated group ([Fig. 2](#f0010){ref-type="fig"}c).Fig. 2Bestatin suppresses the LTB4 blood biomarker in CRC patients. (a) LTB4 serum concentration was evaluated in pre-treated and post-treated in bestatin-treated patients. LTB4 serum concentration in untreated patients was also measured at 0 and 7 days. Individual changes are show from day 0 to day 7. (b) The percentage of individual relative change in LTB4 from day 0 to day 7 is shown in a waterfall plot. (c) The relative change in LTB4 in the bestatin-treated group was compared with the untreated group. The data are shown as mean values ± S.E. (untreated group, n = 6; bestatin-treated group, n = 7).Fig. 2

3.4. Bestatin suppresses LTA4H pathway protein expression in CRC patients {#s0115}
-------------------------------------------------------------------------

The mRNA levels of *BLT1*, *c-Myc*, and *Ki-67* are suppressed in the bestatin-treated group compared with the untreated group ([Fig. 3](#f0015){ref-type="fig"}a--c). Immunohistochemical analysis of colon tissues from the untreated and the bestatin-treated groups confirmed a reduced protein level of BLT1, p-ERKs, c-Myc, and Ki-67 ([Fig. 3](#f0015){ref-type="fig"}d). Western blot results also showed that the expression of BLT1, p-MEK, p-ERK1/2, and c-Myc was reduced in tissues from bestatin-treated group ([Fig. 3](#f0015){ref-type="fig"}e). Collectively, these data indicate that bestatin blocked signaling through the LTA4H/BLT1/ERKs oncogenic axis, ultimately resulting in inhibition of CRC.Fig. 3Bestatin suppresses the BLT1-ERK1/2 signaling pathway in CRC patients. (a--c) mRNA levels of *BLT1*, *c-Myc*, and *Ki-67* in human CRC patient tissues were analyzed by quantitative PCR (qPCR). Relative mRNA levels were normalized against GAPDH. The data are shown as mean values ± S.E. from triplicate experiments and the asterisks (\*\*, \*\*\*) indicate a significant (*p* \< .01, *p* \< .001) decrease in tissues from the group treated with bestatin compared with the untreated group. (d) Immunohistochemistry analysis was used to determine the expression of BLT1, p-ERK1/2 (Thr202/Tyr204), c-Myc,and Ki-67 in patients treated with bestatin compared with untreated patients. The asterisks (\*, \*\*, \*\*\*) indicate a significant (*p* \< .05, *p* \< .01, *p* \< .001, respectively) decrease in protein expression in the bestatin-treated group compared with the untreated group (scale bar, 100 μm). (e) The expression of BLT1, p-MEK (Ser217/221), p-ERK1/2 (Thr202/Tyr204), c-Myc, and Ki-67 was also determined by Western blot.Fig. 3

3.5. Knocking down LTA4H expression blocks colony formation of colon cancer cells {#s0120}
---------------------------------------------------------------------------------

To investigate the role of LTA4H in colon carcinogenesis, we first depleted LTA4H expression in DLD-1 and HCT-15 colon cancer cell lines ([Fig. 4](#f0020){ref-type="fig"}a). LTA4H works as a bifunctional zinc enzyme by exhibiting activities of both epoxide hydrolase and aminopeptidase. Depletion of LTA4H significantly suppressed LTB4 production in both DLD-1 and HCT-15 colon cancer cells ([Fig. 4](#f0020){ref-type="fig"}b), Depletion of LTA4H also reduced colony growth in both DLD-1 and HCT-15 cells ([Fig. 4](#f0020){ref-type="fig"}c). LTB4 can bind to the BLT1 high affinity receptor and promote cell proliferation and survival by activating the BLT1/ERK1/2 and PI3-K/Akt pathways \[[@bb0130],[@bb0135]\]. Consistently, depletion of LTA4H inhibited BLT1 expression, thus affecting the downstream MEK/ERK1/2 pathways. The same results were observed in both DLD-1 and HCT-15 colon cancer cells ([Fig. 4](#f0020){ref-type="fig"}d). These results confirm that LTA4H plays an important role in colon carcinogenesis and could be regarded as a target for preventing or treating colon cancer.Fig. 4LTA4H mediates cell transformation. (a) Knockdown of LTA4H expression in DLD-1 and HCT-15 colon cancer cell lines. (b) LTB4 production is decreased in DLD-1 and HCT-15 colon cancer cell lines after knockdown of LTA4H. The data are shown as mean values ± S.E. from triplicate experiments. The asterisk (\*) indicates a significant (*p* \< .05) decrease in LTB4 production in shLTA4H cells compared to shMOCK cells. (c) DLD-1 or HCT-15 cells were transfected with shLTA4H or shMOCK and grown in soft agar and then colonies were counted. The data are shown as mean values ± S.E. from triplicate experiments. The asterisk (\*) indicates a significant (*p* \< .05) decrease in colony formation in shLTA4H cells compared to shMOCK cells. (d) DLD-1 or HCT-15 colon cancer cells were transfected with shLTA4H or shMOCK. Cells were harvested and the expression levels of phosphorylated and total proteins were analyzed by Western blotting.Fig. 4

3.6. Bestatin inhibits colony formation and proliferation of colon cancer cells {#s0125}
-------------------------------------------------------------------------------

Previous results indicated that LTA4H was highly expressed in human CRC. We next determined whether bestatin (Fig. s2a) could affect proliferation and colony formation of CRC cells. Bestatin- treatment had no cytotoxic effects on normal HCEC cells (Fig. s2b). DLD-1 and HCT-15 cells were treated with different doses of bestatin and the results revealed that bestatin inhibited proliferation of these cells ([Fig. 5](#f0025){ref-type="fig"}a). The colony formation of DLD-1 and HCT-15 cells was inhibited by bestatin ([Fig. 5](#f0025){ref-type="fig"}b). Notably, bestatin markedly suppressed BLT1 expression and inhibited phosphorylation of MEK and ERK1/2 ([Fig. 5](#f0025){ref-type="fig"}c). c-Myc also is regulated by the ubiquitin-mediated proteasomal degradation pathway \[[@bb0140]\] and is phosphorylated and stabilized by the ERK1/2 pathway \[[@bb0145]\]. Thus, the ability of bestatin to inhibit colon tumorigenesis might be due to its targeting and inhibition of LTA4H activity leading to attenuation of the BLT1/ERK1/2 pathways. This would maintain c-Myc at lower levels because of increased ubiquitin-mediated proteasomal degradation. Thus, bestatin shows a good inhibitory effect against CRC in cells. To further confirm that bestatin precisely targets LTA4H, we conducted a colony formation assay with shMOCK- and shLTA4H-expressing colon cancer cells. The results showed that bestatin could not inhibit colony formation in LTA4H knockdown cells (Fig. s5a, b). Overall, bestatin targets LTA4H, suppresses LTB4 secretion, inhibits BLT1 and the associated downstream ERK1/2 pathway, and then attenuates colon cancer progression ([Fig. 5](#f0025){ref-type="fig"}d).Fig. 5Bestatin inhibits anchorage-independent growth and proliferation of colon cancer cells. (a) DLD-1 or HCT-15 colon cancer cells were treated with different concentrations of bestatin for 0, 24, 48, or 72 h and proliferation was estimated by a crystal violet staining assay. The data are shown as mean values ± S.E. from triplicate experiments. The asterisks (\*, \*\*) indicate a significant (*p* \< .05, *p* \< .01, respectively) decrease in proliferation compared to the vehicle-treated control group. (b) DLD-1 or HCT-15 colon cancer cells were treated with increasing doses of bestatin. The data are shown as mean values ± S.E. from triplicate experiments. The asterisks (\*, \*\*, \*\*\*) indicate a significant (*p* \< .05, *p* \< .01, *p* \< .001, respectively) decrease in colony formation compared to the vehicle-treated control group. (c) DLD-1 or HCT-15 colon cancer cells were treated with different concentrations of bestatin. Cells were harvested and the expression levels of phosphorylated and total proteins were analyzed by Western blotting. (d) The schematic mechanism of bestatin\'s effects against colon cancer mediated through the LTA4H-BLT1-ERK1/2 pathway is illustrated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Fig. 5

3.7. Bestatin reduces intestinal adenoma formation in Apc^Min/+^ mice {#s0130}
---------------------------------------------------------------------

The *adenomatous polyposis coli* (*apc*) gene encodes a key tumor suppressor that plays an important role in colorectal tumorigenesis \[[@bb0150]\] and we determined whether bestatin could be effective against CRC *in vivo*. The Apc^Min/+^ mouse carries a point mutation in the *apc* gene and these mice develop multiple intestinal neoplasia (Min) after they spontaneously lose the heterozygous wild-type *apc* allele. We examined polyp formation of control mice and mice treated with different amounts of bestatin by appearance and hematoxylin and eosin (H&E) staining ([Fig. 6](#f0030){ref-type="fig"}a, Fig. s3a, b). The mice from the untreated control group developed more polyps throughout the small and large intestines compared with the bestatin-treated groups ([Fig. 6](#f0030){ref-type="fig"}b). The untreated control group also exhibited higher concentration of LTB4 in serum compared with the bestatin-treated group ([Fig. 6](#f0030){ref-type="fig"}c). The body weight of all animals remained stable after daily treatment with bestatin or vehicle by oral gavage (Fig. s3c). Additionally, immunohistochemical analysis showed that BLT1 and phosphorylation of MEK, ERK1/2, and c-Myc were substantially suppressed in the bestatin-treated group compared with the untreated control group. Bestatin also reduced the expression of Ki-67 ([Fig. 6](#f0030){ref-type="fig"}d) and Western blot analysis showed that bestatin attenuated signaling through the BLT1/ERK1/2 pathway ([Fig. 6](#f0030){ref-type="fig"}e). These results suggest that bestatin can control colorectal tumorigenesis and the subsequent manifestation of the *Min* phenotype in Apc^Min/+^ mice.Fig. 6Bestatin prevents intestinal adenoma formation in Apc^Min/+^ mice. (a) Representative photographs show polyp formation in Apc^Min/+^ mice treated or not treated with bestatin. (b) Polyp number was measured in mice. The asterisks (\*\*\*) indicate a significant (*p* \< .001) decrease in polyp formation in mice treated with bestatin compared with the control group. The data are shown as mean values ± S.E., (n = 6). (c) LTB4 production was measured in these groups. The data are shown as mean values ± S.E. and the asterisks (\*, \*\*) indicate a significant (*p* \< .01, *p* \< .001, respectively) decrease in LTB4 production in bestatin-treated mice compared with the control group. (d) Immunohistochemistry analysis was used to determine the level of BLT1, Ki-67, and phosphorylation of ERK1/2 (Thr202/Tyr204) and MEK (Ser217/221) in the control group compared with the bestatin-treated group. Representative photographs for each protein and each group are shown. The integrated optical density (IOD) was evaluated using the Image-Pro Premier software (v.9.0) program. The asterisks (\*, \*\*, \*\*\*) indicate a significant (*p* \< .05, *p* \< .01, *p* \< .001, respectively) decrease in protein expression compared with the control group (Scale bar, 100 μm). (e) Representative western blot analysis confirmed that bestatin inhibited expression of BLT1 and downstream signaling pathways.Fig. 6

3.8. Bestatin suppresses tumor growth in a PDX mouse model {#s0135}
----------------------------------------------------------

Patient-derived xenografts (PDXs) have been used more frequently to investigate the effectiveness of drugs because they are believed to retain most of the original molecular characteristics and heterogeneity of the cancer patient \[[@bb0155],[@bb0160]\]. To further investigate the clinical effect of bestatin, we established a PDX mouse model that mimics tumors from the human CRC patient. These mice were treated or not treated with bestatin. The results showed that bestatin suppressed tumor growth, in terms of both tumor size ([Fig. 7](#f0035){ref-type="fig"}a) and tumor weight ([Fig. 7](#f0035){ref-type="fig"}b). Bestatin also reduced LTB4 concentration in mouse serum ([Fig. 7](#f0035){ref-type="fig"}c). Photographs showed differences in tumor size in each of the 3 groups ([Fig. 7](#f0035){ref-type="fig"}d). Bestatin had no effect on mouse body weight ([Fig. 7](#f0035){ref-type="fig"}e). Moreover, immunohistochemical analysis results showed that bestatin inhibited the expression of BLT1, p-ERK1/2, c-Myc, and Ki-67 compared with the untreated control group ([Fig. 7](#f0035){ref-type="fig"}f). Overall, these results provide evidence suggesting that bestatin might serve as chemotherapeutic agent against CRC.Fig. 7Bestatin inhibits tumor growth in a PDX mouse model. (a) Mice bearing PDX tumors were treated or not treated with bestatin. The asterisks (\*, \*\*) indicate a significant (*p* \< .05, *p* \< .01, respectively) decrease in tumor volume in mice treated with bestatin compared with the control group. (b) Tumor weight was measured at the end of the study. The asterisk (\*) indicates a significant (*p* \< .05) decrease in tumor weight in bestatin-treated mice compared with control mice. The data are shown as mean values ± S.E., (n = 6). (c) LTB4 concentration was measured in mouse serum. The asterisks (\*, \*\*) indicate a significant (*p* \< .05, *p* \< .01, respectively) decrease in LTB4 concentration in bestatin-treated mice compared with control mice. (d) Photographs of tumors from each group are shown. (e) Bestatin treatment has no effect on the body weight of mice. (f) Immunohistochemistry analysis was used to determine the levels of BLT1, p-ERK1/2 (Thr202/Tyr204), c-Myc, and Ki-67 in bestatin-treated and control mice. Representative photographs for each protein and each group are shown. The integrated optical density (IOD) was evaluated using the Image-Pro Premier software (v.9.0) program (scale bar, 100 μm). The asterisks (\*, \*\*) indicate a significant (*p* \< .05, *p* \< .01, respectively) decrease in protein expression compared with the control group.Fig. 7

4. Discussion {#s0140}
=============

Targeted therapy is a type of cancer treatment strategy that targets changes in cancer [cells](https://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046476&version=Patient&language=English){#ir0065} that help them grow, divide, and spread. Additionally, studies focusing on elucidation of the molecular pathology that drives cancer will help to design promising therapies. This study took advantage of clinical samples to clarify the LTA4H pathway as a target for bestatin-treatment in CRC. Several key findings were obtained from our study with the LTA4H inhibitor bestatin in CRC patients. These findings support further study focusing on the function of bestatin in CRC patients. First, a substantial subset (71.4%) of evaluable patients in bestatin-treated group showed decreases in LTB4 concentration. The relative LTB4 change was significantly different in the bestatin-treated group compared with the untreated group. Second, we observed down-regulation of LTA4H pathway-related proteins in the bestatin-treated group compared with the untreated group. Finally, Ki-67 is a prognostic marker in colorectal cancer \[[@bb0165]\] and it also was significantly reduced in the bestatin-treated group.

In this investigation, we focused on the LTA4H pathway because of its important role in cancer development \[[@bb0070],[@bb0170],[@bb0175]\]. LTA4H is an important target for cancer chemoprevention and chemotherapy \[[@bb0180]\]. Here, we showed that LTA4H is highly expressed in colitis and colon adenocarcinoma compared with normal colon tissue. BLT1 is an LTB4 receptor and is also highly expressed in colitis and colon adenocarcinoma. Moreover, the survival probabilities of CRC patients with high LTA4H and BLT1 expression were significantly lower compared to patients with low LTA4H and BLT1 expression. Furthermore, LTB4 is a catalytic product of LTA4H and is easy to detect and assess the change in concentration in patient blood samples. Thus, LTB4 might be a blood biomarker useful for evaluating the effect of inhibiting the LTA4H pathways. LTB4 also might be useful as a simple and effective indicator for monitoring sensitivity to LTA4H inhibitors and drug-resistance. Thus, targeting the LTA4H pathway might be an effective therapeutic strategy in CRC.

Pharmaceutical companies have shown substantial interest in targeting LTA4H therapeutically to alleviate LTB4-mediated pathologies. However, despite the generation of several excellent inhibitors, these drugs have failed to demonstrate clinical efficacy or have been withdrawn from trials owing to deleterious side effects \[[@bb0185]\]. However, bestatin meets the requirements of long-term application for cancer chemoprevention due to its low toxicity \[[@bb0190]\]. This drug has been used against various human cancers, including leukemia, lymphoma, malignant melanoma, and lung cancer \[[@bb0115],[@bb0195], [@bb0200], [@bb0205]\]. Bestatin also can reduce cellular invasion of several different cancers \[[@bb0210],[@bb0215]\]. Most importantly, bestatin as a Food and Drug Administration (FDA)-approved drug in China that is used for adjunct therapy against solid tumors in the clinic. However, the efficacy of bestatin against CRC still needs to be further explored. Our results clearly showed that bestatin inhibited LTA4H activity and substantially down-regulated the LTA4H pathway in CRC patients.

The *ex vivo* results indicated that bestatin directly targeted LTA4H and strongly suppressed proliferation and colony formation of CRC cells by inhibiting LTA4H activity and BLT1 expression. The Apc^Min+^ mouse model is a genetically engineered mouse model (GEMMs) with a functional immune system \[[@bb0220]\]. This mouse model was developed in an attempt to recreate changes observed in human colorectal carcinogenesis. Our data ([Fig. 6](#f0030){ref-type="fig"}) showed that treatment with bestatin effectively reduces colorectal tumorigenesis in these mice. Indeed, Bodduluri Haribabu, et al. consistently reported that BLT1 depletion decreased effector immune cell infiltration and accelerated tumorigenesis in the TC-1 cervical cancer model \[[@bb0225]\], the B16 melanoma model \[[@bb0230]\], and the Apc^Min+^ mouse model \[[@bb0235]\]. However, this group also indicated that deletion of BLT1 plays a protective role in lung tumorigenesis \[[@bb0240]\]. Consistent with our previous discovery BLT1 inhibition in cancer cells could suppress tumor cell proliferation \[[@bb0075],[@bb0245]\]. BLT1 obviously has different functions in cancer cells and immune cells. Our data showed that DLD-1 and HCT-15 colon cancer cell proliferation and colony formation were strongly inhibited by bestatin treatment ([Fig. 5](#f0025){ref-type="fig"}a, b). Additionally, BLT1 expression was also markedly suppressed by bestatin treatment ([Fig. 5](#f0025){ref-type="fig"}c). Furthermore, bestatin effectively reduced colorectal tumorigenesis in the Apc^Min+^ mouse model and IHC analysis showed that BLT1 expression observed in irregularly-arranged glandular or adenoid structures of colon tissue was suppressed substantially ([Fig. 6](#f0030){ref-type="fig"}d). At the same time, BLT1 expression with CD8-positive staining was also suppressed by bestatin treatment (Fig. s4a, b). Importantly, analysis of patient samples further confirmed that in colon irregularly arranged glandular or adenoid structures, BLT1 expression was inhibited by bestatin treatment ([Fig. 3](#f0015){ref-type="fig"}d). Thus, we conclude that the antitumor effects of bestatin mediated through the LTA4H/BLT1/ERK1/2 signaling pathway reduced colon cancer progression in both colon cancer cells and immune cells. We also showed that bestatin inhibited tumor growth of a patient-derived xenograft (PDX) mouse model.

However, this study still has several important limitations. First, the number of samples collected in this study is small. Secondly, we collected pairwise blood samples but did not collect pairwise tumor samples and finally, the absence of a clinical endpoint limits interpretation of our mechanistic findings. Based on positive results and the problems, we plan to perform a large-scale clinical trial to clarify the function of bestatin in the LTA4H pathway and CRC. Despite these limitations, we affirmed that bestatin significantly reduced LTB4 concentration in CRC patients after treatment. Betatin also significantly attenuated LTA4H downstream signaling, including expression of the CRC prognostic marker Ki-67. Furthermore, the LTA4H inhibitor suppressed CRC initiation and progression *ex vivo* and *in vivo*, further supporting these findings. Overexpression of LTA4H was observed in colon adenocarcinoma samples. LTA4H is an epoxide hydrolase that catalyzes conversion of the unstable allelic epoxide LTA4 to LTB4 and BLT1 is a high affinity receptor for LTB4. The mRNA and protein levels of BLT1 are increased by the induction of LTB4. Furthermore, cell proliferation and survival are promoted by activating the BLT1/MEK/ERK1/2 pathway. Bestatin is a well-characterized inhibitor of LTA4H and was shown to attenuate LTB4 synthesis. Thus, bestatin reduces polyp number through the LTA4H/ BLT1/ERK1/2 signaling pathway. Collectively, these results demonstrate the antitumor effects of bestatin mediated through LTA4H and support further study for LTA4H inhibition in CRC.
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